Study Highlights**WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?**☑ Although the prediction of human drug pharmacokinetics from *in vitro* metabolism and transport data is well known, doing the same for metabolites has not been well established. **WHAT QUESTION DID THIS STUDY ADDRESS?**☑ In this study, the question addressed is whether metabolite‐to‐parent drug plasma exposure ratios in humans could be projected from *in vitro* data. **WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?**☑ This study demonstrated that metabolite‐to‐parent drug plasma exposure ratios in humans could be projected from *in vitro* data. The equations needed for this have been derived from clearance concepts and delineate the input data required to accomplish this for other drugs and their metabolites. **HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR TRANSLATIONAL SCIENCE?**☑ Application of this method prior to administration of new drug candidates to humans in phase I clinical trials will inform decisions regarding the need to characterize and measure potentially important drug metabolites. This will help in risk mitigation for important human drug metabolites. Appropriate measurement of metabolites in phase I clinical trials can help ensure seamless drug development timelines.

 {#cts12734-sec-0002}

The projection of drug pharmacokinetics in humans from data gathered *in vitro* using human‐derived reagents is a common activity in research aimed to design and develop new pharmacotherapies. Such data are used in decision making regarding which compounds to nominate from the discovery/design phase into the development phase in drug research. Success is frequently measured numerically (i.e., the fold‐error between predicted vs. actual parameters, etc.), however, more important is whether the correct decisions were made regarding compound nomination into development, which can be measured in more of a qualitative manner (i.e., did the anticipated dosing regimen achieve target exposures, etc.).

Although the projection of drug pharmacokinetics is not without its challenges, there is also a need and desire to make projections of the clinical exposures to major circulating metabolites. Certainly, projecting exposures to drug metabolites that can contribute to pharmacological efficacy is important in attempting to understand the dosage regimen needed for pharmacodynamic effect. In addition, since the issuance of regulatory guidance[1](#cts12734-bib-0001){ref-type="ref"}, [2](#cts12734-bib-0002){ref-type="ref"}, [3](#cts12734-bib-0003){ref-type="ref"} where metabolites with significant plasma exposure need to be evaluated for drug‐drug interaction (DDI) potential, there has been an increased need to predict major circulating metabolites (i.e., which metabolites are of concern and how abundant they are relative to the parent drug). Reliable projection of metabolite exposures in humans, relative to parent drug, can be important when deciding whether investment needs to be made in the development of validated bioanalytical methods to measure the metabolite in human plasma in phase I clinical studies and whether animal species used in preclinical toxicology evaluations demonstrate adequate exposure to the metabolite to underwrite safety risk assessments.

In previous work, attempts were made to test methods to project metabolite‐to‐parent drug ratios from *in vitro* metabolism and transport data using both static and dynamic physiologically‐based pharmacokinetic models[4](#cts12734-bib-0004){ref-type="ref"}, [5](#cts12734-bib-0005){ref-type="ref"}, [6](#cts12734-bib-0006){ref-type="ref"}, [7](#cts12734-bib-0007){ref-type="ref"}, [8](#cts12734-bib-0008){ref-type="ref"} and various assumptions and simplifications were applied. In this paper, the derivations of equations for a static mechanistic model that can be used to predict metabolite‐to‐parent drug ratios are presented. Final equations are built starting with basic clearance concepts[9](#cts12734-bib-0009){ref-type="ref"} and the contribution of gut to metabolite formation has been added. The extended clearance concept[10](#cts12734-bib-0010){ref-type="ref"} that also includes active transport as an important determinant in drug and metabolite disposition has been considered. This derivation shows the origins of all of the component terms and permits application of assumptions and shortcuts, when justified, in individual instances.

Methods {#cts12734-sec-0003}
=======

Mechanistic model derivation {#cts12734-sec-0004}
----------------------------

The objective is to predict the metabolite‐to‐parent drug exposure ratio, which is defined as the ratio of the area under the plasma concentration‐time curve of metabolite‐to‐parent drug (AUC~M~/AUC~D~). (Note that definitions of all parameters described in this derivation are listed in **Table** [1](#cts12734-tbl-0001){ref-type="table"} for ease of reference.) The desired metabolite‐to‐parent drug ratio, AUC~M~/AUC~D~, is based on plasma values, as plasma is commonly used as the biological matrix for pharmacokinetic analysis in clinical studies. Because systemic plasma clearance (CL~plasma~) is defined as the dose (*D*) divided by the plasma AUC, the derivation begins with:$$\frac{\text{AUC}_{M}}{\text{AUC}_{D}} = \frac{D_{M}}{\text{CL}_{\text{plasma},M}} \cdot \frac{\text{CL}_{\text{plasma},D}}{D_{D}}$$

###### 

Index of parameters used in the equations

  Parameter                         Definition
  --------------------------------- ---------------------------------------------------------------------------------------------------------------------
  AUC~M~                            Area under the plasma concentration vs. time curve for the metabolite
  AUC~D~                            Area under the plasma concentration vs. time curve for the parent drug
  (B/P)~D~                          Blood to plasma ratio for the parent drug
  (B/P)~M~                          Blood to plasma ratio for the metabolite
  CL~D~                             Systemic blood clearance of the parent drug
  CL~D(h)~                          Hepatic blood clearance of the parent drug
  CL~D(nh)~                         Nonhepatic blood clearance of the parent drug
  CL~int,D~                         Free intrinsic clearance of the parent drug in the liver
  CL~int(D→bile)~                   Free intrinsic clearance of biliary secretion of parent drug
  CL~int(D→liver)~                  Free intrinsic clearance of drug entering the liver
  CL~int(D→M)~                      Free intrinsic clearance of parent drug conversion to the metabolite in the liver
  CL~int,D,met+bile~                Sum of free intrinsic clearance of parent drug by metabolism and biliary secretion
  CL~int(D→other\ metabolites)~     Free intrinsic clearance of parent drug conversion to other metabolites in the liver
  CL~int,g(D)~                      Free intrinsic clearance of parent drug in the gut
  CL~int,g(D→M)~                    Free intrinsic clearance of parent drug conversion to the metabolite in the gut
  CL~int,g(D→other\ metabolites)~   Free intrinsic clearance of parent drug conversion to other metabolites in the gut
  CL~int,g(M→blood)~                Free intrinsic clearance of metabolite entry from enterocytes into the portal vein blood
  CL~int,g(M→lumen)~                Free intrinsic clearance of metabolite efflux from enterocytes into the gut lumen
  CL~int,g(M→other\ metabolites)~   Free intrinsic clearance of the metabolite to other metabolites in the gut
  CL~int(M→bile)~                   Free intrinsic clearance of biliary secretion of the metabolite
  CL~int(M→blood)~                  Free intrinsic clearance of secretion of the metabolite from the liver to the blood
  CL~int(M→liver)~                  Free intrinsic clearance of metabolite entering the liver
  CL~int,M,met+bile~                Sum of free intrinsic clearance of metabolite by further metabolism and biliary secretion
  CL~int(M→other\ metabolites)~     Free intrinsic clearance of the metabolite to other metabolites in the liver
  CL~int,M~                         Free intrinsic clearance of the metabolite in the liver
  CL~M~                             Systemic blood clearance of the metabolite
  CL~M(h)~                          Hepatic blood clearance of the metabolite
  CL~M(nh)~                         Nonhepatic blood clearance of the metabolite
  CL~plasma,D~                      Systemic plasma clearance of the parent drug
  CL~plasma,M~                      Systemic plasma clearance of the metabolite
  CL~r~                             Renal clearance
  CL~sec,D~                         Renal secretory clearance of the parent drug
  CL~sec,M~                         Renal secretory clearance of the metabolite
  *D*                               Actual dose of the parent drug administered
  *D* ~D~                           Amount of parent drug that gets to the systemic circulation after oral administration
  *D* ~M~                           Amount of the metabolite to which the body is exposed systemically
  *D* ~M,gut,first\ pass~           Amount of metabolite generated by the intestine during absorption of oral administration of parent drug
  *D* ~M,hepatic,first\ pass~       Amount of metabolite generated by the liver during first pass after oral administration of parent drug
  *D* ~M,hepatic,systemic~          Amount of metabolite generated by the liver from systemically available parent drug
  *F* ~a~                           Fraction of the parent drug that is absorbed following oral administration
  *F* ~g~                           Fraction of the parent drug that evades extraction by the intestine during first pass following oral administration
  *F* ~h~                           Fraction of the parent drug that is evades extraction by the liver during first pass following oral administration
  *F* ~M(g)~                        Fraction of the metabolite generated in the gut that enters the portal vein
  *f* ~m(g)~                        Fraction of the gut metabolism of the parent drug that results in the generation of the metabolite
  *F* ~M(h)~                        Fraction of the metabolite generated in the liver that enters the circulation
  *f* ~m(h)~                        Fraction of the hepatic clearance of the parent drug that results in the generation of the metabolite
  *f* ~u,D~                         Fraction of the parent drug unbound in blood
  *f* ~u,M~                         Fraction of the metabolite unbound in blood
  GFR                               Glomerular filtration rate
  PS~D,efflux~                      Parent drug clearance by active efflux from the cell
  PS~D,influx~                      Parent drug clearance by active uptake into the cell
  PS~D,pd~                          Parent drug clearance by passive diffusion across the cell membrane
  PS~M,efflux~                      Metabolite clearance by active efflux from the cell
  PS~M,influx~                      Metabolite clearance by active uptake into the cell
  PS~M,pd~                          Metabolite clearance by passive diffusion across the cell membrane
  *Q* ~h~                           Hepatic blood flow
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The subscripts D and M refer to the parent drug and metabolite, respectively. Thus, there are four parameters that need to be defined: the dose and plasma clearance values for the parent drug and the metabolite. Three of these parameters are relatively straightforward to define, however, the fourth, the "dose" of metabolite (*D* ~M~) is considerably more complex in its nature, because metabolite is not dosed *per se*. These parameters are explained below, based on the scheme shown in **Figure** [1](#cts12734-fig-0001){ref-type="fig"}.

![Model schematic showing the dispositional processes for parent drug (D) and metabolite (M). CL~int~, intrinsic clearance.](CTS-13-520-g001){#cts12734-fig-0001}

Systemic clearance values for parent drug and metabolite {#cts12734-sec-0005}
--------------------------------------------------------

The systemic CL~plasma~ for parent drug and metabolite are estimated using Eq. [1a](#cts12734-disp-0002){ref-type="disp-formula"} and [1b](#cts12734-disp-0003){ref-type="disp-formula"}, respectively. The CL~plasma,D~ and CL~plasma,M~ terms refer to the systemic CL~plasma~ values for the parent drug and the metabolite and the systemic total blood clearance (CL~D~) is further defined as the sum of hepatic blood clearance (CL~D(h)~) and the nonhepatic blood clearance (CL~D(nh)~). In cases where nonhepatic clearance is low (CL~D(nh)~ ≪ CL~D(h)~) then systemic CL~plasma~ is dependent on hepatic blood clearance and blood/plasma (B/P) ratio.$$\text{CL}_{\text{plasma},D} = \left( {\text{CL}_{D{(h)}} + \text{CL}_{D{(\text{nh})}}} \right) \cdot \left( {B/P} \right)_{D}$$ $$\text{CL}_{\text{plasma},M} = \left( {\text{CL}_{M{(h)}} + \text{CL}_{M{(\text{nh})}}} \right) \cdot \left( {B/P} \right)_{M}$$

The estimation of nonhepatic blood clearance is dependent on the clearance mechanism, with renal clearance being the most common of nonhepatic mechanisms. Renal clearance can be estimated from scaling data from preclinical species or from *in vitro* studies (CL~r~ =* f* ~u~ *\**GFR + CL~sec~).[7](#cts12734-bib-0007){ref-type="ref"}, [11](#cts12734-bib-0011){ref-type="ref"}, [12](#cts12734-bib-0012){ref-type="ref"}, [13](#cts12734-bib-0013){ref-type="ref"} The hepatic blood clearance values are each defined using the well‐stirred model for hepatic extraction[14](#cts12734-bib-0014){ref-type="ref"} that includes hepatic blood flow (*Q* ~h~), fraction unbound in blood (*f* ~u~), and hepatic free intrinsic clearance (CL~int~) for each:$$\text{CL}_{D(h)} = \frac{Q_{h} \cdot f_{u,D} \cdot \text{CL}_{\text{int},D}}{Q_{h} + f_{u,D} \cdot \text{CL}_{\text{int},D}}$$ $$\text{CL}_{M(h)} = \frac{Q_{h} \cdot f_{u,M} \cdot \text{CL}_{\text{int},M}}{Q_{h} + f_{u,M} \cdot \text{CL}_{\text{int},M}}$$

The impact of the role of transporters in drug clearance has led to the application of the extended clearance model (Eq. [3a](#cts12734-disp-0006){ref-type="disp-formula"}).[15](#cts12734-bib-0015){ref-type="ref"}, [16](#cts12734-bib-0016){ref-type="ref"}, [17](#cts12734-bib-0017){ref-type="ref"}, [18](#cts12734-bib-0018){ref-type="ref"}, [19](#cts12734-bib-0019){ref-type="ref"} Considering the mechanistic components, the extended clearance concept defines the intrinsic hepatic clearance as an interplay of various processes, namely, PS~D,pd~, which is the parent drug passive diffusion clearance; and PS~D,influx~ and PS~D,efflux~ represent the active (transporter‐mediated) sinusoidal influx and basolateral efflux clearances, respectively. CL~int,D,met+bile~ is the sum of the free metabolic and biliary intrinsic clearances (i.e., CL~int(D→M)~, CL~int(D→other\ metabolites~, and CL~int,D→bile)~).[20](#cts12734-bib-0020){ref-type="ref"} $$\text{CL}_{\text{int},D} = \frac{\left( {\text{PS}_{D,\text{influx}} + \text{PS}_{D,\text{pd}}} \right) \cdot \text{CL}_{\text{int},D,\text{met} + \text{bile}}}{\left( {\text{PS}_{D,\text{efflux}} + \text{PS}_{D,\text{pd}} + \text{CL}_{\text{int},D,\text{met} + \text{bile}}} \right)}$$

The total hepatic clearance (CL~D(h)~) can be calculated by assuming well‐stirred conditions using Eq. [3b](#cts12734-disp-0007){ref-type="disp-formula"}, [14](#cts12734-bib-0014){ref-type="ref"}, [21](#cts12734-bib-0021){ref-type="ref"} $$\text{CL}_{D{(h)}} = \frac{Q_{h} \cdot f_{u,D} \cdot \left( {\text{PS}_{D,\text{influx}} + \text{PS}_{D,\text{pd}}} \right) \cdot \text{CL}_{\text{int},D,\text{met} + \text{bile}}}{Q_{h} \cdot {(\text{PS}_{D,\text{efflux}} + \text{PS}_{D,\text{pd}} + \text{CL}_{\text{int},D,\text{met} + \text{bile}})} + f_{u,D} \cdot \left( {\text{PS}_{D,\text{influx}} + \text{PS}_{D,\text{pd}}} \right) \cdot \text{CL}_{\text{int},D,\text{met} + \text{bile}}}$$

Corresponding relationships will exist for the metabolite as well, with slightly different underlying terms (i.e., CL~int,M,met+bile~ has just two terms: CL~int(M→other\ metabolites~, and CL~int,M→bile~).$$\text{CL}_{\text{int},M} = \frac{\left( {\text{PS}_{M,\text{influx}} + \text{PS}_{M,\text{pd}}} \right) \cdot \text{CL}_{\text{int},M,\text{met} + \text{bile}}}{\left( {\text{PS}_{M,\text{efflux}} + \text{PS}_{M,\text{pd}}} \right) + \text{CL}_{\text{int},M,\text{met} + \text{bile}}}$$ $$\text{CL}_{M{(h)}} = \frac{Q_{h} \cdot f_{u,M} \cdot \left( {\text{PS}_{M,\text{influx}} + \text{PS}_{M,\text{pd}}} \right) \cdot \text{CL}_{\text{int},M,\text{met} + \text{bile}}}{Q_{h} \cdot {(\text{PS}_{M,\text{efflux}} + \text{PS}_{M,\text{pd}} + \text{CL}_{\text{int},M,\text{met} + \text{bile}})} + f_{u,M} \cdot \left( {\text{PS}_{M,\text{influx}} + \text{PS}_{M,\text{pd}}} \right) \cdot \text{CL}_{\text{int},M,\text{met} + \text{bile}}}$$

The interplay of the four parameters of Eq. [3a](#cts12734-disp-0006){ref-type="disp-formula"} determines drug hepatic clearance and defines the rate‐determining step of drug clearance. Equation [3b](#cts12734-disp-0007){ref-type="disp-formula"} can be reduced to Eq. [2a](#cts12734-disp-0004){ref-type="disp-formula"} (and 2b for metabolite) when "rapid‐equilibrium" is assumed between liver and blood compartments; that is, when the compound is not subjected to active transport mechanisms across the basolateral membrane, and the PS~pd~ is significantly higher than CL~int,met+bile~.

Equation [3b](#cts12734-disp-0007){ref-type="disp-formula"} and [3d](#cts12734-disp-0009){ref-type="disp-formula"} can also be simplified to Eq. [3e](#cts12734-disp-0010){ref-type="disp-formula"} and [3f](#cts12734-disp-0011){ref-type="disp-formula"}, where the systemic clearance uptake is determined for compounds with relatively slower basolateral (active and passive) efflux (i.e., PS~efflux~ + PS~pd~ ≪ CL~int,met+bile~ (e.g., statins and sartans)).[17](#cts12734-bib-0017){ref-type="ref"}, [18](#cts12734-bib-0018){ref-type="ref"}, [21](#cts12734-bib-0021){ref-type="ref"} $$\text{CL}_{D{(h)}} = \frac{Q_{h} \cdot f_{u,D} \cdot \left( {\text{PS}_{D,\text{influx}} + \text{PS}_{D,\text{pd}}} \right)}{Q_{h} + f_{u,D} \cdot \left( {\text{PS}_{D,\text{influx}} + \text{PS}_{D,\text{pd}}} \right)}$$ $$\text{CL}_{M{(h)}} = \frac{Q_{h} \cdot f_{u,M} \cdot \left( {\text{PS}_{M,\text{influx}} + \text{PS}_{M,\text{pd}}} \right)}{Q_{h} + f_{u,M} \cdot \left( {\text{PS}_{M,\text{influx}} + \text{PS}_{M,\text{pd}}} \right)}$$

Dose of the parent drug {#cts12734-sec-0006}
-----------------------

The term *D* ~D~ in Eq. [1](#cts12734-disp-0001){ref-type="disp-formula"} refers not to the nominal dose administered, but to the amount of parent drug that gets to the systemic circulation after oral administration (i.e., the bioavailable dose). If the parent drug is administered parenterally, then the dose term used in the equation is the actual dose administered. However, if the dose is administered orally, then the term needs to be corrected for any limits on absorption (*F* ~a~) as well as any first‐pass extraction by the intestine (*F* ~g~) and liver (*F* ~h~):$$D_{D} = D \cdot F_{a} \cdot F_{g} \cdot F_{h}$$where *D* is the actual dose administered in molar units. In cases where clinical AUC ratios are obtained from exposure data in gram units (e.g., ng·hour/mL), predicted metabolite‐to‐parent ratios need to be corrected for differences in molecular weight between parent and metabolite.

Dose of the metabolite {#cts12734-sec-0007}
----------------------

The term *D~M~* (or "dose" of the metabolite) is by far the most complicated one to derive. Unlike the parent drug, the metabolite is not dosed *per se*, but is generated within the body from the parent drug. In this treatment, the metabolite can be potentially generated from three sources following oral administration of the parent drug: (i) generated systemically by the liver, (ii) generated by the liver during first‐pass extraction of the parent drug, and (iii) generated by the intestine during first‐pass (Eq. [5](#cts12734-disp-0012){ref-type="disp-formula"}). In cases where the enzyme forming the metabolite is not present in the enterocytes, then the intestinal first‐pass contribution to *D* ~M~ is assumed to be negligible (i.e., D~M,gut,first\ pass~ = 0). Similarly, if the parent drug is administered intravenously, only metabolite generated systemically by the liver is considered in estimating *D* ~M~.$$D_{M} = \, D_{M,\text{hepatic},\text{systemic}} + \, D_{M,\text{hepatic},\text{first\ pass}} + \, D_{M,\text{gut},\text{first\ pass}}$$

The estimate of metabolite generated in the liver from the systemically available parent drug (D~M,hepatic,systemic~) is defined in Eq. [6](#cts12734-disp-0013){ref-type="disp-formula"}:$$D_{M,\text{hepatic},\text{systemic}} = D_{D} \cdot \frac{\text{CL}_{D{(h)}}}{\text{CL}_{D}} \cdot f_{m{(h)}} \cdot F_{M{(h)}}$$

The metabolite that can be generated in the liver is restricted to the amount of the parent drug to which the liver is exposed systemically, which is defined above as *D* ~D~ (from Eq. [4](#cts12734-disp-0011){ref-type="disp-formula"}). The ratio CL~D(h)~/CL~D~ is the fractional contribution of the liver to the total blood clearance of the parent drug. The amount of the metabolite generated in the liver will be limited by the amount of liver clearance (CL~D(h))~) relative to total clearance (CL~D~), which can also include renal or extrahepatic clearance of the parent drug that could divert the parent drug from conversion to metabolite. The term *f* ~m(h)~ is the fraction of hepatic clearance of the parent drug that yields the metabolite of interest. The liver uptake and efflux transporters impact the rate of systemic clearance of the parent drug and are incorporated into the estimation of CL~D(h))~. Thus, assuming steady state and these transporters are not considered hepatic clearance mechanisms, the *f* ~m(h)~ is represented by a ratio of intrinsic clearance terms:$$f_{m{(h)}} = \frac{\text{CL}_{\text{int}{({D\rightarrow M})}}}{\text{CL}_{\text{int}{({D\rightarrow M})}} + \text{CL}_{\text{int}{({D\rightarrow\text{other\ metabolites}})}} + \text{CL}_{\text{int}{({D\rightarrow\text{bile}})}}}$$wherein CL~int(D→M)~ is the free intrinsic clearance for the parent drug conversion to the metabolite of interest, CL~int(D→other\ metabolites)~ is the free intrinsic clearance for conversion of the parent drug to other metabolites, and CL~int(D→bile)~ is the free intrinsic clearance of biliary secretion of the parent drug. If there is no biliary clearance of parent drug, then the *f* ~m(h)~ term is the fraction of total hepatic metabolism comprised by the pathway of interest.

The term *F* ~M(h)~ represents an "availability" term (i.e., the availability of the metabolite), once formed within the liver, to escape the liver and enter the systemic circulation. Once generated inside the hepatocyte, the metabolite can undergo three fates: further sequential metabolism, secretion into the bile, or secretion into the blood. These can be represented by a ratio of intrinsic clearance terms CL~int(M→other\ metabolites)~, CL~int(M→bile)~, and CL~int(M→blood)~, respectively:$$F_{M{(h)}} = \frac{\text{CL}_{\text{int}{({M\rightarrow\text{blood}})}}}{\text{CL}_{\text{int}{({M\rightarrow\text{blood}})}} + \text{CL}_{\text{int}{({M\rightarrow\text{other\ metabolites}})}} + \text{CL}_{\text{int}{({M\rightarrow\text{bile}})}}}$$

Alternately, for highly permeable compounds where egress through the membrane is not limiting, the term *F* ~M(h)~ can be described by a simpler equation:$$F_{M{(h)}} = \frac{Q_{h}}{Q_{h} + f_{u,M} \cdot \text{CL}_{\text{int},M,\text{met} + \text{bile}}}$$wherein the availability of metabolite generated in the liver is driven by competition between further clearance in the liver (metabolism and/or biliary secretion) and liver blood flow carrying the metabolite away from the liver and into the systemic circulation.

The metabolite generated during first pass hepatic extraction is *D* ~M,hepatic,first\ pass~, and is outlined in Eq. [9](#cts12734-disp-0017){ref-type="disp-formula"}. The equation is similar to Eq. [6](#cts12734-disp-0013){ref-type="disp-formula"}, except that the dose term is different and no consideration of extrahepatic clearance is needed.$$D_{M,\text{hepatic},\text{first\ pass}} = D \cdot F_{a} \cdot F_{g} \cdot \left( {1 - F_{h}} \right) \cdot f_{m{(h)}} \cdot F_{M{(h)}}$$

The amount of parent drug presented to the liver for first‐pass is defined as *D·F* ~a~ *·F* ~g~ and the amount of metabolite formed during first‐pass and released to the systemic circulation is modified by the term: (1‐*F* ~h~)·*f* ~m(h)~·*F* ~M(h)~.

Finally, some conversion of the parent drug to the metabolite can occur in the intestine, particularly for substrates of drug metabolizing enzymes, such as cytochrome P450 (CYP)3A4. This pool of metabolite is generated in the gut, enters the portal vein, and is then subject to hepatic extraction by the liver before entering systemic circulation. The expression for this is: $$D_{M,\text{gut},\text{first\ pass}} = D \cdot F_{a} \cdot {(1 - F_{g})} \cdot f_{m(g)} \cdot F_{M(g)} \cdot \left( {1 - \frac{CL_{M{(h)}}}{Q_{h}}} \right)$$

The amount of parent drug that enters the enterocytes is defined as *D*·*F~a~* and the portion of this dose that is converted to metabolite in the intestine enterocytes and released into the portal vein is defined as (1‐*F* ~g~)·*f* ~m(g)~·*F* ~M(g)~. The last term (1‐CL~M(h)~/*Q* ~h~) represents the hepatic extraction of the metabolite released into the portal vein before it can be available systemically. The term *f* ~m(g)~ is the fraction of gut clearance of the parent drug that yields the metabolite. In the gut, the only clearance mechanism assumed is metabolism, therefore, *f* ~m(g)~ is defined as:$$f_{m{(g)}} = \frac{\text{CL}_{\text{int},g{({D\rightarrow M})}}}{\text{CL}_{\text{int},g{({D\rightarrow M})}} + \text{CL}_{\text{int},g{({D\rightarrow\text{other\ metabolites}})}}}$$

CL~int,g(D→M)~ is the free intrinsic clearance of the parent drug to the metabolite in enterocytes and CL~int,g(D→other\ metabolites)~ corresponds to the metabolism of the parent drug to other metabolites in the gut. Unlike the corresponding term for the liver, there is no "out" or "bile" CL~int~ terms because they are already accounted for in the *F* ~a~ term in Eq. [10](#cts12734-disp-0018){ref-type="disp-formula"}. In the gut, it is assumed that *F* ~a~ represents the net absorption, which takes into account the efflux back into the gastrointestinal lumen. Thus, metabolism is the only clearance mechanism contributing to *f* ~m(g).~

The term *F* ~M(g)~ is the fraction of the metabolite generated in the intestine that gets into the portal vein.$$F_{M{(g)}} = \frac{\text{CL}_{\text{int},g{({M\rightarrow\text{blood}})}}}{\text{CL}_{\text{int},g{({M\rightarrow\text{blood}})}} + \text{CL}_{\text{int},g{({M\rightarrow\text{other\ metabolites}})}} + \text{CL}_{\text{int},g{({M\rightarrow\text{lumen}})}}}$$

Once formed in the enterocyte, the metabolite can undergo three possible fates. It can enter the portal vein (CL~int,g(M→blood)~), be further metabolized (CL~int,g(M→other\ metabolites)~), or be secreted into the gut (CL~int,g(M→lumen)~).

In this estimate of *D* ~M~, it is assumed that the metabolite is only formed in the liver, from systemic and first‐pass extraction, and in the gut, from first‐pass extraction, whereas metabolite formed in other organs of clearance is not considered. Absorption of the metabolite from the gut, by reabsorption of secreted metabolite, or enterohepatic circulation of metabolite, or hydrolysis of metabolite glucuronides in the gastrointestinal tract is not included. There may be specific cases in which these mechanisms need to be accounted for in estimates of *D* ~M~, and they offer a level of further complexity not pursued in this derivation.

Experimental *in vitro* and human pharmacokinetic data {#cts12734-sec-0008}
------------------------------------------------------

All *in vitro* metabolism and binding data for midazolam, 1′‐hydroxymidazolam, 4‐hydroxymidazolam, imipramine, desipramine, (R)‐4‐((4‐(((4‐((tetrahydrofuran‐3‐yl)oxy)benzo\[d\]isoxazol‐3‐yl)oxy)methyl)piperidin‐1‐yl)methyl)tetrahydro‐2H‐pyran‐4‐ol (TBPT), an experimental serotonin receptor drug), TBPT‐M1, and TBPT‐M2 were previously measured.[5](#cts12734-bib-0005){ref-type="ref"}, [6](#cts12734-bib-0006){ref-type="ref"}, [8](#cts12734-bib-0008){ref-type="ref"} *In vitro* metabolism, transport, and binding data for losartan and carboxylosartan were previously reported.[7](#cts12734-bib-0007){ref-type="ref"} The clinical metabolite‐to‐parent drug ratios were from reports in the literature and were summarized in previous reports.[5](#cts12734-bib-0005){ref-type="ref"}, [6](#cts12734-bib-0006){ref-type="ref"}, [7](#cts12734-bib-0007){ref-type="ref"}, [8](#cts12734-bib-0008){ref-type="ref"}

Results {#cts12734-sec-0009}
=======

Derivation of a mechanistic static model for projection of plasma metabolite‐to‐parent exposure ratios was successfully accomplished. The model was tested on six previously described examples of metabolite/parent pairs. These represent P450, UGT, and active transport clearance processes and were selected because the needed *in vitro* input data were already available and human exposure values for parent and metabolite are known. Input data and parameters are listed in **Table** [2](#cts12734-tbl-0002){ref-type="table"}. A summary of the projected metabolite‐to‐parent exposure ratios are listed in **Table** [3](#cts12734-tbl-0003){ref-type="table"}. The model‐predicted values are generally within twofold of the observed plasma metabolite‐to‐parent ratios (**Figure** [2](#cts12734-fig-0002){ref-type="fig"}). Hydroxymidazolam metabolites are predicted to have exposures that are lower than the parent midazolam; and these predictions are in agreement with the observed values.[22](#cts12734-bib-0022){ref-type="ref"}, [23](#cts12734-bib-0023){ref-type="ref"}, [24](#cts12734-bib-0024){ref-type="ref"}, [25](#cts12734-bib-0025){ref-type="ref"}, [26](#cts12734-bib-0026){ref-type="ref"} For 1′‐hydroxymidazolam, the predicted ratio is 0.67 and reported values range between 0.3 and 0.6, and for 4‐hydroxymidazolam, the predicted ratio was 0.05, whereas reported measured values were 0.06 and 0.08. For both midazolam metabolites, \~ 40% of the metabolite formation was predicted to be due to metabolism in the gut. In CYP2D6 extensive metabolizers, desipramine exposure is predicted to be about 84% that of the parent imipramine, which is similar to the clinical exposure. However, in poor metabolizer (MP) subjects, the ratio is predicted to be considerably greater than unity (11‐fold), which is higher than the reported range (\~ 3 to 7).[27](#cts12734-bib-0027){ref-type="ref"}, [28](#cts12734-bib-0028){ref-type="ref"}, [29](#cts12734-bib-0029){ref-type="ref"}, [30](#cts12734-bib-0030){ref-type="ref"}, [31](#cts12734-bib-0031){ref-type="ref"}, [32](#cts12734-bib-0032){ref-type="ref"}, [33](#cts12734-bib-0033){ref-type="ref"} Nevertheless, the predictions via this approach offer a similar picture of metabolite‐to‐parent exposure relationships in these two populations.

###### 

Summary input parameters used for estimation of metabolite‐to‐parent drug ratios for midazolam, imipramine, losartan, TBPT, and their metabolites

  Drug                                                 Midazolam[6](#cts12734-bib-0006){ref-type="ref"}   Imipramine[5](#cts12734-bib-0005){ref-type="ref"}   TBPT[8](#cts12734-bib-0008){ref-type="ref"}   Losartan[7](#cts12734-bib-0007){ref-type="ref"}                     
  ---------------------------------------------------- -------------------------------------------------- --------------------------------------------------- --------------------------------------------- ------------------------------------------------- -------- -------- ---------------------------------------------
  Clearance terms (scaled to mL/minutes/kg)                                                                                                                                                                                                                                     
  CL~D~                                                9.7                                                9.4                                                 7.9                                           12.8[c](#cts12734-note-0004){ref-type="fn"}                         
  CL~M~                                                11.9                                               11.2                                                6.4                                           1.0                                               11.0     0.4      0.64[d](#cts12734-note-0005){ref-type="fn"}
  CL~int(D→M)~                                         344                                                20.6                                                8.2                                           8.2                                               10.8     11.5     6.8
  CL~int,g(D→M)~                                       2.8                                                0.17                                                --                                            --                                                0.2      0.3      --
  CL~int(M→other\ metabolites)~                        184                                                183                                                 19.8                                          2.2                                               29       92       0
  Dose terms (in µmoles)                                                                                                                                                                                                                                                        
  *D*                                                  6.1                                                267                                                 35                                            108                                                                 
  *F* ~a~                                              1                                                  1                                                   1                                             1                                                                   
  *F* ~g~                                              0.57                                               1                                                   0.94                                          1                                                                   
  *F* ~h~                                              0.54                                               0.55                                                0.62                                          0.46                                                                
  *D* ~D~                                              1.8                                                147                                                 5.8                                           50                                                                  
  *D* ~M,hepatic,systemic~                             0.74                                               0.05                                                55                                            115                                               3.9      8.2      16
  *D* ~M,hepatic,first\ pass~                          0.65                                               0.05                                                45                                            94                                                2.4      5.0      21
  *D* ~M,gut,first\ pass~                              1.0                                                0.07                                                0                                             0                                                 0.3      1.2      0
  *D* ~M~                                              2.4                                                0.17                                                100                                           209                                               6.6      14       37
  Measured binding terms                                                                                                                                                                                                                                                        
  *f* ~u,D~                                            0.03                                               0.26                                                0.38                                          0.028                                                               
  (B/P)~D~                                             0.6                                                1.02                                                0.86                                          0.53                                                                
  *f* ~u,M~                                            0.15                                               0.13                                                0.21                                          0.64                                              0.0025   0.0024   
  (B/P)~M~                                             1                                                  1                                                   1.16                                          0.88                                              0.53     0.58     
  Calculated metabolism and availability terms                                                                                                                                                                                                                                  
  *f* ~m(h)~ [a](#cts12734-note-0002){ref-type="fn"}   0.93                                               0.06                                                0.44                                          0.8                                               0.41     0.41     0.37
  *f* ~m(g)~                                           0.93                                               0.06                                                0                                             0                                                 0.30     0.58     0
  *F* ~M(h)~ [b](#cts12734-note-0003){ref-type="fn"}   0.43                                               0.47                                                0.85                                          0.98                                              0.47     0.98     1
  *F* ~M(g)~                                           1                                                  1                                                   N/A                                           N/A                                               1        1        n/a

EM, extensive metabolizer; N/A, not applicable; PM, poor metabolizer; TBPT, (R)‐4‐((4‐(((4‐((tetrahydrofuran‐3‐yl)oxy)benzo\[d\]isoxazol‐3‐yl)oxy)methyl)piperidin‐1‐yl)methyl)tetrahydro‐2H‐pyran‐4‐ol.

f~m(h)~ calculated using Eq. [7](#cts12734-disp-0014){ref-type="disp-formula"} and data from references.

F~M(h)~ for midazolam, imipramine, and TBPT assumed CL~int(M→blood)~ ≫ Q~h~ (Eq. [8b](#cts12734-disp-0016){ref-type="disp-formula"}). *F* ~M(h)~ for losartan used Eq. [8a](#cts12734-disp-0015){ref-type="disp-formula"}.

CL~D~ for losartan = CL~D(h)~ + CL~D(nh)~, CL~D(h)~ = 11.1 and CL~D(nh)~ = 1.7.

CL~M~ for carboxylosartan = CL~M(h)~ + CL~M(nh)~, CL~M(h)~ = 0, CL~M(nh)~ = 0.64.[5](#cts12734-bib-0005){ref-type="ref"}, [6](#cts12734-bib-0006){ref-type="ref"}, [7](#cts12734-bib-0007){ref-type="ref"}, [8](#cts12734-bib-0008){ref-type="ref"}
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###### 

Projections of metabolite‐to‐parent drug plasma AUC ratios for six metabolites and four drugs following oral administration of the drugs

+-------------+---------------------+-------------------------+----------------------+------------------------------------------------------+------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Parent drug | Metabolite          | Parent to metabolite(s) | Metabolite clearance | Predicted M/P[a](#cts12734-note-0007){ref-type="fn"} | Actual M/P | References                                                                                                                                                                                                                                                                                                                                     |
+=============+=====================+=========================+======================+======================================================+============+================================================================================================================================================================================================================================================================================================================================================+
| Midazolam   | 1′‐hydroxymidazolam | CYP3A4/5                | UGT                  | 0.67                                                 | 0.3--0.6   | [22](#cts12734-bib-0022){ref-type="ref"}, [23](#cts12734-bib-0023){ref-type="ref"}, [24](#cts12734-bib-0024){ref-type="ref"}, [25](#cts12734-bib-0025){ref-type="ref"}, [26](#cts12734-bib-0026){ref-type="ref"}                                                                                                                               |
|             |                     |                         |                      |                                                      |            |                                                                                                                                                                                                                                                                                                                                                |
|             | 4‐hydroxymidazolam  |                         |                      | 0.05                                                 | 0.08, 0.06 |                                                                                                                                                                                                                                                                                                                                                |
+-------------+---------------------+-------------------------+----------------------+------------------------------------------------------+------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Imipramine  | Desipramine (EM)    | CYP2C19                 | CYP2D6               | 0.84                                                 | 0.48--1.1  | [27](#cts12734-bib-0027){ref-type="ref"}, [28](#cts12734-bib-0028){ref-type="ref"}, [29](#cts12734-bib-0029){ref-type="ref"}, [30](#cts12734-bib-0030){ref-type="ref"}, [31](#cts12734-bib-0031){ref-type="ref"}, [32](#cts12734-bib-0032){ref-type="ref"}, [33](#cts12734-bib-0033){ref-type="ref"}, [34](#cts12734-bib-0034){ref-type="ref"} |
|             |                     |                         |                      |                                                      |            |                                                                                                                                                                                                                                                                                                                                                |
|             | Desipramine (PM)    |                         |                      | 11                                                   | 2.8--6.8   |                                                                                                                                                                                                                                                                                                                                                |
+-------------+---------------------+-------------------------+----------------------+------------------------------------------------------+------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| TBPT        | M1                  | CYP3A4                  | CYP                  | 0.17                                                 | 0.12       | [35](#cts12734-bib-0035){ref-type="ref"}                                                                                                                                                                                                                                                                                                       |
+-------------+---------------------+-------------------------+----------------------+------------------------------------------------------+------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| M2          | 23                  | 58                      |                      |                                                      |            |                                                                                                                                                                                                                                                                                                                                                |
+-------------+---------------------+-------------------------+----------------------+------------------------------------------------------+------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Losartan    | Carboxylosartan     | CYP2C9                  | Transport            | 14                                                   | 2.6--7.5   | [36](#cts12734-bib-0036){ref-type="ref"}, [37](#cts12734-bib-0037){ref-type="ref"}, [38](#cts12734-bib-0038){ref-type="ref"}, [39](#cts12734-bib-0039){ref-type="ref"}, [40](#cts12734-bib-0040){ref-type="ref"}, [41](#cts12734-bib-0041){ref-type="ref"}                                                                                     |
+-------------+---------------------+-------------------------+----------------------+------------------------------------------------------+------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+

AUC, area under the curve; EM, extensive metabolizer; M/P, metabolite/parent; PM, poor metabolizer; TBPT, (R)‐4‐((4‐(((4‐((tetrahydrofuran‐3‐yl)oxy)benzo\[d\]isoxazol‐3‐yl)oxy)methyl)piperidin‐1‐yl)methyl)tetrahydro‐2H‐pyran‐4‐ol.

Molecular weight of parent and metabolite incorporated in M/P.

John Wiley & Sons, Ltd

![Predicted vs. observed metabolite‐to‐parent drug plasma area under the curve ratios for six metabolites and four drugs following oral administration of the drugs. Solid and dotted lines represent unity and twofold deviation, respectively. For clinical data, when more than one study was identified that contained metabolite and parent drug exposure data, the horizontal lines represent the highest and lowest values reported and the plotted point is the midpoint of these two values. D‐EM, desipramine in extensive metabolizers; D‐PM, desipramine in poor metabolizers; Los, carboxylosartan; Mid‐1, 1′‐hydroxy midazolam; Mid‐2, 4′‐hydroxy midazolam; T‐M1, TBPT M1; T‐M2, TBPT M2.](CTS-13-520-g002){#cts12734-fig-0002}

TBPT offers an interesting example where one metabolite is much greater than parent and one much less. *In vitro*, TBPT is metabolized by P450 enzymes to yield an N‐dealkylated product (M1), a cyclized product (M2), as well as two other hydroxylated metabolites.[34](#cts12734-bib-0034){ref-type="ref"} For TBPT, the very high metabolite‐to‐parent ratio for M2 in plasma is reasonably approached (projected at 23 vs. actual of 58), and the corresponding low ratio for the other metabolite is also well predicted (0.17 projected vs. 0.12 actual).

On the other hand, losartan and carboxylosartan involve transporter‐mediated disposition, which determine their clearance and intracellular concentrations within the hepatocyte. Here, the measured carboxylosartan‐to‐losartan exposure ratios range from 2.6 to 7.5,[35](#cts12734-bib-0035){ref-type="ref"}, [36](#cts12734-bib-0036){ref-type="ref"}, [37](#cts12734-bib-0037){ref-type="ref"}, [38](#cts12734-bib-0038){ref-type="ref"}, [39](#cts12734-bib-0039){ref-type="ref"}, [40](#cts12734-bib-0040){ref-type="ref"} whereas the predicted value is greater at 14. Because losartan is a substrate for active uptake and efflux, the fraction of losartan clearance resulting in carboxylosartan (*f* ~m(h)~) was estimated using Eq. [7](#cts12734-disp-0014){ref-type="disp-formula"} and systemic availability of carboxylosartan from the liver following its generation (*F* ~m(h)~) was estimated using Eq. [8a](#cts12734-disp-0015){ref-type="disp-formula"}. For carboxylosartan, the *F* ~m(h)~ was unchanged (*F* ~m(h)~ = unity), whereas the updated losartan *f* ~m(h)~ was 0.37, which was greater than that previously estimated (*f* ~m(h)~ = 0.076).[7](#cts12734-bib-0007){ref-type="ref"} Example worksheets used to make estimates of metabolite/parent (M/P) ratios are included as a **supplement**.

Discussion {#cts12734-sec-0010}
==========

Overall, the equations derived in this report for the projection of metabolite‐to‐parent exposure ratios in human plasma were successfully used. The types of input data needed for these predictions are routinely gathered for drug candidates during early preclinical research in support of human dosing, however, extra effort would be needed to gather the similar data sets for metabolites of interest because such data are not routinely gathered. The promise of this approach can be used to justify gathering such data for metabolites in the preclinical stages of drug development. It is important to note that no matter how sound the theoretical basis is for this prediction method, successful implementation is highly dependent on the fidelity of the *in vitro* reagents, experimental methods used to generate the input data, and confidence in necessary scaling factors. *In vitro* intrinsic clearance, metabolite profiles, plasma and blood binding, and active transport flux values all have their own scaling factors. For example, measurement of *in vitro* plasma protein binding is generally more facile and reliable than measurements of *in vitro* metabolic intrinsic clearance or transport flux values. Errors and/or lack of physiological scaling for some methods could impart some error into predictions of metabolite‐to‐parent ratios. In some cases, some errors may cancel each other out because it is a M/P ratio that is being sought. Many of the measurements needed for this approach requires availability of metabolite standards. However, because these experiments are *in vitro*, only very small amounts are needed (\< 1 mg) and these materials can be accessed using modern biosynthetic methods.[42](#cts12734-bib-0042){ref-type="ref"}

The projection of metabolite‐to‐parent ratios for 1′‐hydroxymidazolam and 4‐hydroxymidazolam was successful (**Table** [3](#cts12734-tbl-0003){ref-type="table"}). Midazolam and its metabolites are highly membrane permeable, not shown to be subject to active transport, and their generation and disposition are mediated by metabolism (CYP and UGT enzymes).[43](#cts12734-bib-0043){ref-type="ref"}, [44](#cts12734-bib-0044){ref-type="ref"} Because these metabolites are known to be generated not only in the liver, but the intestine as well, midazolam offered a good test to determine whether metabolite‐to‐parent ratios can be estimated when a substantial portion of metabolite is generated by the intestine. From this example, it can be concluded that the method can work for metabolites generated by intestinal CYP3A4.

The example of imipramine and its desmethyl metabolite, desipramine, offered an interesting case where populations of CYP2D6 extensive and PMs show different metabolite‐to‐parent ratios because of the involvement of CYP2D6 as a major enzyme in desipramine clearance. The prediction method showed that exposures to imipramine and desipramine would be similar to each other in extensive metabolizers, but the metabolite‐to‐parent ratio would be high in PMs). This is consistent with the knowledge that desipramine is generated from imipramine by enzymes other than CYP2D6 (mostly CYP2C19)[45](#cts12734-bib-0045){ref-type="ref"} but that desipramine is cleared by CYP2D6.[46](#cts12734-bib-0046){ref-type="ref"} The metabolite‐to‐parent ratio was overpredicted for PM subjects (predicted 11 vs. actual values of 2.6--6.8),[27](#cts12734-bib-0027){ref-type="ref"}, [28](#cts12734-bib-0028){ref-type="ref"}, [29](#cts12734-bib-0029){ref-type="ref"}, [30](#cts12734-bib-0030){ref-type="ref"}, [31](#cts12734-bib-0031){ref-type="ref"}, [32](#cts12734-bib-0032){ref-type="ref"}, [33](#cts12734-bib-0033){ref-type="ref"}, [34](#cts12734-bib-0034){ref-type="ref"} but if considered prospectively as if imipramine were a new drug candidate, it would be predicted that the metabolite would be quantitatively very important in PM subjects.

In the case of TBPT, one metabolite (M1) is much lower than parent and the other (M2) much higher and these cases were both well predicted. The M1 metabolite of TBPT results from an N‐dealkylation reaction wherein \~ 25% of the molecule is lost. Thus, to estimate the AUC~M~/AUC~P~ for M1 measured in mass per volume units, the AUC~M~/AUC~P~ value estimated from *in vitro* data needed to be corrected for the molecular weight difference between TBPT and M1. For M2, the B/P ratios differ markedly between parent and metabolite (0.86 and 0.53, respectively), thus the AUC~M~/AUC~P~ that was calculated had to be corrected for B/P ratio differences to better reflect the measured plasma ratio. In most instances, drugs and their metabolites may not exhibit great differences in B/P ratio or molecular weight, but the example of TBPT serves as a reminder that such factors should not be ignored when attempting to predict plasma metabolite‐to‐parent exposure ratios.

Among the drugs used to test metabolite prediction methods, losartan offers unique challenges because active transport is an important determinant in exposure to parent and metabolite. Thus, extended clearance concepts are needed for prediction. The predicted metabolite‐to‐parent ratio was 14 whereas reported clinical ratios range from 2.6 to 7.5.[36](#cts12734-bib-0036){ref-type="ref"}, [37](#cts12734-bib-0037){ref-type="ref"}, [38](#cts12734-bib-0038){ref-type="ref"}, [39](#cts12734-bib-0039){ref-type="ref"}, [40](#cts12734-bib-0040){ref-type="ref"}, [41](#cts12734-bib-0041){ref-type="ref"} It is possible that a clearance pathway for carboxylosartan is unaccounted for, or that the rates of clearance for known pathways are underestimated from *in vitro* data. It is noteworthy that following an intravenous dose of carboxylosartan to humans only half of the systemic clearance could be accounted for by renal clearance, suggesting an alternate mechanism for carboxylosartan clearance that was not accounted for in this analysis.[47](#cts12734-bib-0047){ref-type="ref"} Furthermore, in a study with radiolabeled losartan administered intravenously, approximately half of the dose was excreted in feces (Cozaar Package Insert).[48](#cts12734-bib-0048){ref-type="ref"} The source of this material was not accounted for but could be related to further biliary clearance of carboxylosartan or excretion of downstream metabolites. Thus, it is possible that carboxylosartan has unknown hepatic clearance mechanisms that could be important but not able to be included in calculations for estimating M/P exposure ratios. Although losartan is the only well‐established transporter substrate in this data set, the predictions are reasonably similar to the observed values (i.e., M/P ratio is well over unity). As drug transporters are an area of active research, it is expected that improvements in the methods of their study will enable better estimates of transport parameters and improve projections of metabolite‐to‐parent ratios.

Overall, the concepts and derived equations predicted the M/P ratios for the six M/P examples within about twofold of measured values (**Figure** [2](#cts12734-fig-0002){ref-type="fig"}). Assumptions needed for this approach include those required when applying any *in vitro* data to understanding *in vivo* drug metabolism and pharmacokinetics. In addition, assumptions regarding the clearance mechanisms and organs for the parent drug and metabolites of interest must be taken. Because metabolites have the potential to contribute to efficacy, toxicity, and DDIs, there is an increased focus on identification of metabolites and assessing exposures in drug research and preclinical development in advance of clinical studies. Guidance documents from government drug regulatory authorities have been issued regarding drug metabolites.[1](#cts12734-bib-0001){ref-type="ref"}, [2](#cts12734-bib-0002){ref-type="ref"}, [3](#cts12734-bib-0003){ref-type="ref"} These call for comparison of metabolite exposure levels in animals used in toxicological assessments vs. humans, as well as evaluation of metabolites as potential inhibitors of drug metabolizing enzymes and transporters, which can result in pharmacokinetic DDIs. Thresholds for when metabolites are important are based on quantitative relative human exposure data. Thus, decisions are needed regarding whether to make early investments in the synthesis of bulk quantities of specific drug metabolites before human dosing commences. When synthesized, the materials can be used in the development and validation of bioanalytical methods as well as tests as inhibitors of important drug metabolizing enzymes and transporters. The methods described in this paper can be used to make decisions earlier in the drug development process regarding which metabolites may be quantitatively important in humans. These metabolites can be proactively evaluated to help avoid delays in drug development later in the process. It should be noted that for the aforementioned decision making, the prediction of general "zones" is all that is needed rather than numerically accurate estimations---will the metabolite be in great excess relative to the parent drug, nominally greater, nominally lower, or far lower? The approach described can certainly serve that purpose. Finally, it is important to note that each new drug will possess its own array of properties that can yield different challenges to this endeavor. This is especially true for clearance mechanisms, as these can be widely varied, and when different from the examples described, some different experiments and input values may be necessary.

In conclusion, the prediction of human drug metabolite exposures for new drug candidates is not without its challenges, with assumptions required regarding mechanisms of clearance *in vivo* as well as limitations on the fidelity, performance, and scalability of various human‐derived *in vitro* systems. Nevertheless, the findings reported here offer promise that this can be done, if not with quantitative accuracy, at least with enough accuracy for good decision making regarding the extent to which drug metabolites should be proactively studied and characterized ahead of dosing the parent drug in human trials. Ongoing endeavors include expanding the number of drugs evaluated to cover other clearance mechanisms as well as attempts to utilize physiologically‐based pharmacokinetic modeling to predict metabolite exposure.
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